strands and nucleophiles in the active site, the model points to an advantage of a mechanism involving a hairobserved for all the recombination steps studied to date. pin intermediate. We also demonstrate that the stereoThese reaction steps, therefore, almost certainly occur selectivity of all the corresponding steps of Tn10 and by a one-step in-line nucleophilic substitution mechaMu transposition reactions and HIV DNA integration renism with water acting as the nucleophile for the initial actions studied match precisely. In contrast, the first-DNA cleavage and the 3ЈOH of the cleaved donor DNA strand nicking reaction of the V(D)J recombination reacacting as the nucleophile for strand transfer. This mechtion is inefficient with either of the diastereomers of anism places the leaving group and the attacking nu-PS at the scissile position indicating additional steric cleophile at the opposite side of the phosphorus atom constraints at the active site for this step of the V(D)J in the active site during catalysis. Mu transposase also recombination reaction. exhibited clear stereoselectivity for the two diastereomers of PS at the scissile position for the donor cleavage Results step. The in-line mechanism combined with the discrimination of the two thio substitutions of the nonesterified Figure 3B indicate that hairpin resolution is stereoselective for the Rp-PS.
All of the Chemical Steps in Tn10 Transposition
To examine the stereoselectivity of target DNA strand transfer, we introduced either an Rp-or Sp-PS at the scissile position of one strand of a 29 bp target DNA ( Figure 4A ). Upon mixing the target DNA with a precleaved end transpososome, we expected to see the strand transfer products illustrated in Figure 4B ; strand Figure 2 by the appearance of the cleavage product, Tn-B. Both Rp and Sp substrates were shown to assemtransposition, namely hairpin formation and target strand transfer. Enzyme-catalyzed phosphoryl transfers that ble into PEC at similar efficiencies (data not shown) and therefore the stereoselectivity observed reflects differproceed with inversion of the PS stereoconfiguration are indicative of a one-step in-line substitution mechaences in the efficiency of the chemical step (or steps intimately associated with it). We also note that the presnism, whereas retention of the configuration is indicative of a two-step mechanism involving a covalent intermedience of the PS at the cleaved bottom-strand 5Ј end did not interfere with conversion of the nicked species into ate (Knowles, 1980) . A 32 P label was placed immediately adjacent (on the 5Ј side) to the scissile phosphate in hairpin as upon longer exposures the hairpin species was observed (data not shown).
order to take advantage of the complementary stereoselectivity of P1 nuclease and snake venom phosTo assess the stereoselectivity of hairpin formation, Rp-and Sp-PS were incorporated into the scissile posiphodiesterase (PDE) (Burgers and Eckstein, 1979; Potter et al., 1983) in determining the chirality of the tion of the top or "nontransferred" strand of the linear outside end substrate. In this case, the substrate was products.
Hairpin formed from the linear substrate with an Splabeled at its 3Ј termini. Hairpin formation itself, as well as the formation of Tn-T, are indicators of stereoselectiv-PS on the top strand and target strand transfer product formed with the target substrate containing an Rp-PS ity in this step. In fact, Tn-T, which is generated by hairpin resolution, is a more sensitive indicator, because were gel purified and digested to completion with either P1 or PDE nucleases. Digests were analyzed on a 24% unlike the hairpin itself, Tn-T accumulates over time and therefore is indicative of all of the molecules that have denaturing polyacrylamide gel. In Figure 5A , the ability of only PDE to convert the hairpin product to 32 P-dGMP passed through the hairpin stage. In Figure 3A , the hairpin is detected only in the Sp reaction. Also, at the establishes that the configuration has inverted from Sp to Rp during hairpin formation as PDE cleaves Rp linkreaction end point essentially all of the molecules that underwent first-strand nicking were converted to Tn-T ages and P1 does not. In Figure 5B , the ability of only P1 to convert the target strand transfer product to with the results in Figure 3A that showed the hairpin formed from the Sp substrate is efficiently opened by 32 P-dGMP establishes that the configuration has inverted from Rp to Sp during target strand transfer. Since transposase in the following step that is stereoselective for the Rp-PS ( Figure 3B ). both reactions proceed with inversion, we conclude that both reactions occur by a one-step in-line substitution
We have not determined the stereochemical course of the two endonucleolytic cleavage steps in Tn10 transmechanism as opposed to a two-step mechanism involving a covalent intermediate. We also note that the position reaction. However, the first-strand cleavage step in Mu transposition has been shown to proceed above result for hairpin formation is in good agreement with inversion, and evidence supports the same concluand HIV integration. We prepared appropriate subsion for the 3Ј processing step of HIV DNA integration strates for these reactions as described for Tn10. Figure 7A ). In addition, the single active site. For a physiologically sensible outcome, not only must the events at the two ends of a in-line mechanism puts the C3Ј oxygen atom directly opposite to that of the attacking hydroxide nucleophile. bottom-strand 3ЈOH remains at the leaving group pocket for the first step and the second step proceeds by using Thus, even though we don't know the structural details of the transposase-DNA interactions in the active site, the active site in the reverse configuration ( Figure 7C ). The transposon top strand will replace the bottomwe are able to orient a DNA strand relative to the DDE bound divalent metal ion(s). According to the observed strand flank, and the leaving group, the top-strand flank, will occupy the extension of the nucleophile pocket for stereoselectivity, a view with the leaving group of this step on the left side as in the figure will place the C5Ј the first step, placing the proR oxygen atom in contact with the catalytic metal ions. After the reaction, the hairarm of the substrate, the bottom-strand flank, away from the viewer, instead of projecting toward the viewer.
pin remains bound to the active site in the same configuration as the bottom strand has been for the first step, The switch of stereoselectivity observed for the second step of the reaction, hairpin formation, is most conwith the proS oxygen atom in contact with the catalytic metal ions ( Figure 7D) . Therefore, the third step, hairpin veniently explained by assuming that the transposon opening, can proceed in forward configuration, essenthe transposon top strand and the scissile phosphate of tially as a repeat of the first step. the hairpin may be trapped on the active site preventing The terminal C3Ј oxygen of the cleaved transposon target DNA binding. bottom strand that remains bound in the leaving group What might be the functional significance of the pocket after the first step functions as a part of the change of substrate configuration for the target strand active site for cleavage of the top strand through a twotransfer from that for the hairpin formation step? We step process with a covalent intermediate, the hairpin.
believe that one of the consequences of the configuraThis mechanism makes it possible for a single transpotion switch may be prevention of strand cleavage after sase active site to accomplish cleavage of both strands target strand transfer. If strand transfer were to take without release of both ends of the bottom strand from place as the repeat of the hairpin formation step, there the active site after the first step. The three-step donor would be no a priori reason that prevents cleavage of end cleavage process presumably is driven principally the strand transfer product from taking place similarly by the two steps of irreversible phosphodiester bond to the hairpin opening. For the first model above, we hydrolysis. Continued coordination of the terminal C3Ј would argue that the unique stereoconfiguration of the oxygen to Mg 2ϩ precludes participation of a hydroxide scissile phosphate of the strand transfer product at the nucleophile in the second step, preventing direct hyactive site after the reaction may not allow subsequent drolytic cleavage of the top strand.
hydrolysis. With the second model, the transposon botDoes the alternating "forward" and "reverse" pattern tom strand occupies the nucleophile pocket on the right of the active site usage for the first three steps continue side in the figure that can accommodate a water molefor the next reaction step, target strand transfer? If so, cule. The leaving group pocket on the left side in the the fourth step should be the repeat of the second step, figure presumably cannot accommodate a water nuand the Sp stereoisomer should have been an acceptcleophile. In fact, in work to be presented elsewhere we able substrate. We have shown that this is not the case.
have found that the strand transfer product of Tn10 is Therefore, something is different for this step compared not a good substrate for either transesterification or to the hairpin formation reaction. Two alternative possihydrolysis. bilities are either that the target strand binds to the A cautionary note may be useful regarding the above active site in a different way or that there is a switch of model. The experimental results presented in this paper positions between the nucleophile and the leaving concern the positions of the oxygen atoms surrounding group. According to the first model, after removal of the the phosphorus atom at the scissile position. Considertop strand of the transposon from the active site, a ing the structural freedom of a DNA strand, especially target strand enters the active site such that its 5Ј arm without the constraints of the double helical structure is projecting toward the viewer in the figure instead of for the protein-bound DNA, positioning of the 3Ј or 5Ј projecting away from the viewer as is the case for the oxygen does not impose strong constraints on the posiearlier steps ( Figure 7F ). The second model postulates tions of the DNA strands connected to them. In addition, that the donor 3Ј end switches its position from the while we assume for the above discussion that the funcleaving group pocket to the nucleophile pocket, allowing tional groups at the active site do not significantly the target strand to bind the active site in the same change their relative positions for the different reaction configuration as the donor bottom strand for the first steps, this may not be the case, considering the apparstep ( Figure 7H of transposons.
